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The ability to sense energy status is crucial in the
regulation of metabolism via the mechanistic
Target of Rapamycin Complex 1 (mTORC1). The
assembly of the TTT-Pontin/Reptin complex is
responsive to changes in energy status. Under en-
ergy-sufficient conditions, the TTT-Pontin/Reptin
complex promotes mTORC1 dimerization and
mTORC1-Rag interaction, which are critical for
mTORC1 activation. We show that WAC is a regu-
lator of energy-mediated mTORC1 activity. In a
Drosophila screen designed to isolate mutations
that cause neuronal dysfunction, we identified
wacky, the homolog of WAC. Loss of Wacky leads
to neurodegeneration, defective mTOR activity, and
increased autophagy. Wacky and WAC have
conserved physical interactions with mTOR and
its regulators, including Pontin and Reptin, which
bind to the TTT complex to regulate energy-depen-
dent activation of mTORC1. WAC promotes the
interaction between TTT and Pontin/Reptin in an
energy-dependent manner, thereby promoting
mTORC1 activity by facilitating mTORC1 dimeriza-
tion and mTORC1-Rag interaction.
INTRODUCTION
The ability to modulate catabolic and anabolic processes in
response to fluctuations in nutrient and energy availability is
essential for an organism’s survival. In eukaryotes, theDevelopmserine/threonine kinase, mechanistic Target of Rapamycin
(mTOR), is the central player in the regulation of growth and
metabolism in response to environmental cues. mTOR is an
integral part of two complexes, mTOR complex 1 (mTORC1)
and mTOR complex 2 (mTORC2), with two complex-specific
adaptors, Raptor and Rictor, respectively. mTORC1 responds
to intracellular and extracellular cues, including energy status,
growth factors, and amino acids, and positively regulates pro-
tein and lipid synthesis and energy metabolism while nega-
tively regulating autophagy. mTORC2 responds to growth
factors and regulates cell survival and metabolism as well as
cytoskeletal organization (Kim and Guan, 2015; Laplante and
Sabatini, 2012). The complex interplay between environmental
cues and metabolism hinges on mTORC1, but the mecha-
nisms by which signals, especially nutrient availability, are
sensed and integrated by mTORC1 are still being elucidated
(Figure S1A).
mTORC1 has been shown to be activated by the Rag and
Rheb guanosine triphosphatases (GTPases) in essential but
distinct ways. In response to amino acid availability, mTORC1
is recruited by Rag GTPases to the lysosomal surface (Kim
et al., 2008, 2013a; Laplante and Sabatini, 2012; Sancak et al.,
2010). Permissive growth factor signaling releases the lysoso-
mally localized RhebGTPase from inhibition by the GTPase-acti-
vating protein complex, tuberous sclerosis complex (TSC)1/2,
thereby enabling Rheb to stimulate mTOR kinase activity (Inoki
et al., 2003a; Tee et al., 2003).
mTORC1 has also been shown to be negatively regulated
by decrease in energy levels through the activation of AMP-
activated protein kinase (AMPK). AMPK, which responds to
increased AMP/ATP ratio, phosphorylates TSC2 and Raptor,
which in turn activates TSC2 function and decreases Raptor ac-
tivity, leading to mTORC1 inhibition (Gwinn et al., 2008; Inoki
et al., 2003b).ental Cell 36, 139–151, January 25, 2016 ª2016 Elsevier Inc. 139
Figure 1. XE14 Alleles Affect Neuronal Func-
tion, Survival, and Basal Autophagy
(A) ERG traces from 2-day-old ey-FLP clones of
control (y w FRT19A) (n = 6) and XE14 alleles (n = 6),
with quantification for ERG amplitude and Off
transient. Error bars denote SEM. **p < 0.02.
(B) TEM images of the retina of ey-FLP clones of
control (y w FRT19A) and XE14A raised in 12-hr
light/12-hr dark cycle, at 1 day old and 36 days old.
Scale bars, 2 mm.
(C) Higher-magnification TEM images of the retina
of ey-FLP clones of control (y w FRT19A) (n = 3) and
XE14A (n = 3), raised in 12-hr light/12-hr dark cycle,
at 1 day old, with quantification of autophagic ves-
icles. R stands for rhabdomere. Error bars denote
SEM. **p < 0.02. Scale bars, 1 mm.
See also Figure S1.Recently, mTORC1 was found to positively respond to
increased energy availability in a TSC1/2-, AMPK-, and Rag-in-
dependent manner through regulation by the TTT-Pontin/Reptin
complex (Kim et al., 2013b). The AAA+ (ATPase associated with
diverse cellular activities) ATPases Pontin/Reptin (RUVBL1/
RUVBL2) complex functions as a chaperone that modulates
proper folding of large proteins as well as assembly of protein
complexes (Huen et al., 2010). This complex is known to bind
the TTT complex composed of TEL2, TTI1, and TTI2. These com-
plexes form the larger TTT-Pontin/Reptin complex that controls
the energy-dependent assembly of functional mTORC1, its
dimerization, and its association with Rag for lysosomal localiza-
tion (Kim et al., 2013b). Energy depletion, through deprivation of
glucose and glutamine, the primary carbon sources for the ATP-
producing tricarboxylic acid cycle, leads to disassembly and
repression of the TTT-Pontin/Reptin complex. This in turn leads
to disruption of mTORC1 dimerization and of mTORC1-Rag
interaction. However, little is known about how the energy-
dependent assembly of the TTT-Pontin/Reptin complex is
regulated.
In this study we identified the Drosophila homolog of WAC,
which we have named wacky, as a regulator of the mTOR140 Developmental Cell 36, 139–151, January 25, 2016 ª2016 Elsevier Inc.pathway. wacky mutants exhibit pheno-
types that are characteristic of impaired
mTOR signaling, including developmental
arrest, decreased cellular growth and cell
size, and increased autophagy. Wacky is
associated with dTOR, Pontin, and Reptin.
In HEK293T cells, depletion of WAC simi-
larly compromises mTOR signaling and in-
creases autophagy. WAC also physically
interacts with mTORC1 and subunits of
the TTT and Pontin/Reptin complexes in
an energy-dependent manner. WAC pro-
motes the energy-dependent interaction
between the individual TTT and Pontin/
Reptin complexes to form the larger,
functional TTT-Pontin/Reptin complex
facilitating mTORC1 dimerization and
mTORC1-Rag interaction. We propose
that WAC promotes mTOR activity byacting as an adaptor for the proper assembly of the TTT-Pon-
tin/Reptin complex.
RESULTS
XE14 Alleles Affect Neuronal Function, Survival, and
Basal Autophagy
To identify essential genes involved in the function and mainte-
nance of the nervous system in Drosophila, we performed an un-
biased mutagenesis screen on the X chromosome using ethyl
methane-sulfonate (Haelterman et al., 2014; Yamamoto et al.,
2014). We generated mosaic eyes that contain homozygous
mutant cells using the FLP-FRT system (Xu and Rubin, 1993)
and recorded electroretinograms (ERGs) from mutant clones
(Jaiswal et al., 2015; Sandoval et al., 2014; Tian et al., 2015;
Wang et al., 2014; Xiong et al., 2012; Zhang et al., 2013). The
ERG response consists of a depolarization, which is a measure
of the strength of phototransduction, and the on and off tran-
sients, which gauge synaptic transmission. From this screen,
we identified five alleles of a complementation group, XE14,
that cause similar defects in phototransduction and synaptic
transmission in mutant clones (Figure 1A).
Figure 2. XE14 Encodes the Drosophila
WACHomolog,Wacky, a Broadly Expressed
Protein with Nuclear and Lysosomal Locali-
zation
(A) Schematic representation of Wacky molecular
lesions identified in XE14 alleles.
(B) Conservation of Wacky in humans and several
model organisms.
(C) wacky cDNA constructs and genomic (gr)
constructs, spanning the genomic region indi-
cated, rescue wacky lethality. R, rescued.
(D) Immunofluorescence staining with FLAG anti-
body of wackyA rescued with 3xFLAG-2xHA-tag-
ged genomic wacky transgene in the fat body of
wandering L3 larvae. Scale bars, 20 mm.
See also Figure S2.Todeterminewhether thedefectiveERGresponsesexhibitedby
XE14 alleles are associated with structural defects, we performed
transmission electron microscopy (TEM) of adult retinae and
laminae, which revealed an age-dependent degeneration of inter-
nal eye structures (Figures 1B and S1B). At day 1, XE14 mutant
retinae show obvious disruptions of ommatidial units, with abnor-
mally fused or split rhabdomeres and loss of photoreceptor cells.
By day 36, these defects are more severe and numerous photore-
ceptors are lost, leaving large vacuoles, suggesting cell death.
Closer examination of 1-day-old fly retinae reveals marked in-
crease in autophagosomes, amphisomes, autolysosomes, and ly-
sosomes (classified according to Eskelinen, 2008; Klionsky et al.,
2012; Lullmann-Rauch, 2005) when compared with control (Fig-
ure 1C). Similar structural abnormalities are observed in 1-day-
old photoreceptor terminals in the laminae of XE14 mutants,
showing an increase in autophagic vesicles as well as marked
disorganizationandexpansionof cartridgestructures (FigureS1C).
XE14 Encodes the Drosophila WAC Homolog, Wacky, a
Broadly Expressed Protein Localized to Lysosomes and
Nuclei
We mapped the gene that corresponds to XE14 to CG8949 en-
coding a putative 834-amino-acid protein with sequence homol-Developmental Cell 36, 139–151ogy to human WAC (24.2% identity and
53.2% similarity) (Figure 2A). WAC con-
tains a WW domain and a coiled-coil re-
gion, two protein-binding domains for
which it was named. Interestingly, WAC
is conserved in human, mouse, and ze-
brafish, but is absent in lower eukaryotes
such as Caenorhabditis elegans and
yeasts (Figure 2B). Because the gene
symbol, wac, corresponds to wee Aug-
min, we renamed CG8949 wacky.
To ensure that the phenotypes
observed for wacky mutants are due to
mutations in the wacky gene, we gener-
ated both untagged and tagged wacky
genomic (gr) and cDNA rescue constructs
(Figure 2C). Introduction of the genomic
constructs or ubiquitous expression of
wacky cDNA in wacky mutants rescuedlethality, ERG defects, and morphological alterations associated
withwacky alleles (Figures 2C, S2A, and S2B). By using a 3xFlag-
2xHA amino terminal-tagged genomic wacky construct, we
observed that Wacky is broadly expressed in adult and larval tis-
sues (Figures S2C and S2D), and is present in the nucleus as well
as a subset of lysosomes in the fat body cells of wandering third
instar larvae (Figure 2D).
Loss of Wacky Promotes Basal Autophagy in Drosophila
In mammalian cells, WAC has been found to be a positive regu-
lator of autophagy, as small interfering RNA (siRNA)-mediated
knockdown of WAC in HEK293T cells blocks starvation-induced
autophagosome formation, LC3 lipidation, and p62 turnover
(McKnight et al., 2012), a finding that we have also confirmed
(data not shown). In Drosophila, the larval fat body is a well-es-
tablished system to study autophagy (Chang and Neufeld,
2010; Neufeld and Baehrecke, 2008; Zirin and Perrimon, 2010).
In second and early third instar larvae, fat body cells display min-
imal autophagy activity under well-fed conditions but show
robust autophagy induction upon starvation, with prominent
accumulation of autophagosomes and lysosomes. In agreement
with findings that WAC positively regulates starvation-induced
autophagy, clones of wacky mutant cells from starved animals, January 25, 2016 ª2016 Elsevier Inc. 141
Figure 3. Wacky Is a Negative Regulator of
Basal Autophagy in Drosophila
(A) Control (y w FRT19A) andwackyA second instar
larval fat body expressing UAS-mCherry-Atg8a (to
mark autophagosomes) and UAS-LAMP1-GFP (to
mark lysosomes) with the fat body-specific
Cg-GAL4 driver. Scale bars, 10 mm.
(B) wackyA clones, marked yellow, in wandering
third instar larval fat body expressing UAS-
mCherry Atg8a and LAMP1-GFP with Cg-GAL4
driver. Scale bars, 20 mm.
(C) Quantification of autophagosome and lyso-
some numbers from (A) (n = 4) and (B) (n = 5). Error
bars denote SEM. **p < 0.02.
(D) Cg-GAL4-driven expression of UAS-lacZ as
control or UAS-Atg1-RNAi to suppress autophagy
induction in third instar larval fat body with wackyA
clones marked yellow. Scale bars, 20 mm.
(E) Western blot for Ref(2)P/p62 with fat body
protein lysates from third instar larval wack-
yB;wacky-gr (control) and wackyB.
See also Figure S3.show minimal autophagy induction compared with surrounding
normal cells, a phenotype that can be fully rescued by thewacky
genomic rescue construct (Figure S3A).
However, the increase of autophagic vesicles in wackymutant
retina suggests that Wacky is also a negative regulator of
autophagy. Hence, we explored its role in autophagy regulation
under basal conditions. In addition to starvation-induced auto-
phagy, fat body cells also undergo developmentally pro-
grammed autophagy, showing minimal levels of autophagy in
well-fed second and early third instar larvae but a strong in-
crease of autophagic activity in late third instar larvae in
response to bursts of the steroid hormone, ecdysone, prior to
metamorphosis (Rusten et al., 2004; Scott et al., 2004). Similar
to what we observed in clones of mutant adult retinae, fed
wackyA mutants show an increase in the number of autophago-
somes and lysosomes in fat body cells of second instar larvae, as
revealed by mCherry-Atg8a (Nezis et al., 2009) and LAMP1-GFP
(Pulipparacharuvil et al., 2005), markers for autophagosomes
and lysosomes, respectively (Figures 3A and 3C). Furthermore,
co-expression of these markers inwackymutant fat body shows
predominant co-localization of mCherry-Atg8a and LAMP1-GFP
in these cells, indicating that loss of wacky does not affect auto-
phagosome-lysosome fusion (Figure S3B).142 Developmental Cell 36, 139–151, January 25, 2016 ª2016 Elsevier Inc.To test whether increased autophagy in
wacky mutants is cell autonomous, we
generated wackyA mutant clones in fed
larval fat body and looked at fat body-ex-
pressed mCherry-Atg8a and LAMP1-
GFP. At the early third instar larval stage,
when autophagic activity is minimal in
surrounding normal cells, mutant clones
show a marked increase in both autopha-
gosomes and lysosomes (data not
shown). Similarly, at the wandering third
instar larval stage, when autophagic ac-
tivity becomes readily observable, mutantclones exhibit an increased number as well as decreased size of
autophagosomes and lysosomes, supporting an autonomous
role of Wacky in autophagy regulation (Figures 3B and 3C).
Importantly, the increased number of autophagic structures in
wackyA fat body mutant clones is abolished upon RNAi-medi-
ated knockdown of Atg1, a kinase required for autophagy initia-
tion, directed by the fat body-Gal4 driver, Cg-Gal4 (Figure 3D).
These data show that the increase in the number of autophagic
structures in wackyA mutants is due to increase in autophagy.
Consistent with these data, we observed a marked reduction
of the level of Ref(2)P, the Drosophila homolog of the autophagy
substrate p62, in the fat body of wackyB mutant larvae (Fig-
ure 3E). Together, these findings support a role of WAC in differ-
entially regulating autophagy under different settings, potentially
through distinct mechanisms (see Discussion), and suggest that
Wacky acts as a negative regulator of basal autophagy in
Drosophila.
Wacky Functionally Interacts with dTOR in Drosophila
To determine howWacky is regulating basal autophagy, we per-
formed proteomic analysis using wackymutant animals rescued
by either the GFP-tagged (experimental group) or untagged
(negative control) wacky genomic constructs (Figures 2C, S2A,
Figure 4. Wacky Functionally Interacts with
mTOR in Drosophila
(A) Western blot for dTOR-dependent phosphory-
lation of S6k, 4E-BP, and Akt with fat body protein
lysates from third instar larval wackyB;wacky-gr
(control) and wackyB.
(B) ERG traces from 2-day-old whole-eye clones of
control (FRT40A) (n = 5), dTORDP (n = 5), and
wackyA (n = 4), with quantification for ERG ampli-
tude and Off transient. Error bars denote SEM.
**p < 0.02.
(C) Images of FRT40A (control), wackyA FRT19A,
and dTORDP FRT40A larvae at 4.5 days after egg
laying (AEL).
(D) Images of whole-eye clones of 2-day-old con-
trol (FRT40A), wackyA, and dTORDP.
(E) wackyA and dTORDP mutant follicle cell clones,
marked yellow, in stage 10 egg chambers. Scale
bars, 20 mm.
(F) wackyA and dTORDP mutant follicle cells,
marked yellow, in stage 14 egg chambers. Scale
bars, 20 mm.
See also Figure S4.S2B, S3A, and S3C). We affinity-purified whole larval extracts
using GFP nanobody, followed by protein identification by
mass spectrometry (AP-MS) (Neumu¨ller et al., 2012). The top
hit among isolated Wacky interactors is Bre1, the fly homolog
of establishedWAC-binding partners, RNF20 and RNF40 (Zhang
and Yu, 2011) (Table S1). Intriguingly, among the other specific
hits is the Drosophila mTOR homolog, dTOR, as well as homo-
logs of known mTOR regulators Pontin, Reptin, and Vha100-2
(Table S1). Vha100-2 is a component of the vacuolar ATPase
(v-ATPase), a proton pump required for the lysosomal localiza-
tion and activation of mTORC1 (Zoncu et al., 2011), while Pontin
and Reptin form a complex that interacts withmTOR (Izumi et al.,
2010) and regulates the energy-dependent functional assembly
of mTORC1 (Kim et al., 2013b) (Figure S1A). Notably, in
Drosophila, dTOR has been shown to interact with the fly homo-
logs of Pontin and Reptin together with the TTT components,
further supporting their conserved physical interaction (Glatter
et al., 2011). Unfortunately, a dearth of reagents to detect the
fly homologs of these mTOR pathway components precluded
us from further validating their physical interaction with endoge-
nous Wacky in Drosophila. However, to explore the functional
significance of these potential protein interactions, we examinedDevelopmental Cell 36, 139–151the phosphorylation status of RPS6-p70-
protein kinase (S6k) and eukaryotic trans-
lation initiation factor 4E binding protein
(4E-BP), as well as Akt, the direct down-
stream targets of dTORC1 and dTORC2,
respectively. Remarkably, in wacky mu-
tants, the phosphorylation levels of these
dTOR targets are dramatically dimin-
ished, while the levels of total S6K and
Akt show only slight reductions (Figures
4A and S4A), suggesting a general reduc-
tion in dTOR activity. Consistent with this,
phenotypic analyses reveal similarities
between wacky and dTOR mutants.Similar to what is observed in wackyA, dTORDP mutants show
defective phototransduction and synaptic transmission (Fig-
ure 4B). In addition, wackyA and dTORDP mutant animals exhibit
slow growth and developmental delay (Figure 4C), and wackyA
and dTORDPwhole-eye clones are significantly smaller than con-
trols (Figure 4D). Furthermore, clones of mutant cells in egg
chamber follicle cells show reduced clone and cell size (Figures
4E, 4F, S4D, and S4E), resembling, but milder than, what had
been previously observed in dTOR mutants (LaFever et al.,
2010; Oldham et al., 2000; Zhang et al., 2000). In summary, our
data indicate that Wacky is an important player in dTOR-regu-
lated processes and is part of a complex of proteins that interact
with dTOR.
To test the interaction betweenWacky and the dTOR pathway
genetically, we overexpressed dTOR and several of its upstream
activators in the fat body of wackyA mutant clones. Curiously,
while ectopic expression of dTOR from the UAS-dTOR trans-
gene, maintained at 18C to achieve a low level of dTOR expres-
sion and avoid toxicity associated with dTOR overexpression
(Hennig and Neufeld, 2002), improved the synaptic transmission
defects and suppressed autophagosome increase in wackyA
mutant clones in retina and fat body (Figures S4B and S4C),, January 25, 2016 ª2016 Elsevier Inc. 143
none of the tested upstream dTOR activators, including Rheb
(Patel and Tamanoi, 2006), a constitutively active form of Rag
(Rag-CA) (Kim et al., 2008), and the dTORC1-specific adaptor
Raptor (Wang et al., 2012), showed any effect. These data sug-
gest that a mechanism for dTOR activation, insensitive to Rheb
and Rag, is compromised in wacky mutants.
Human WAC Regulates mTOR Activity and Autophagy
The isolated Wacky interactors, Pontin and Reptin, form a com-
plex that controls energy-dependent mTORC1 activation
through a Rheb- and Rag-independent mechanism (Kim et al.,
2013b). Pontin and Reptin represent an intriguing target for
Wacky-mediated regulation of dTOR. Given the scarcity of re-
agents for this pathway in Drosophila, we turned to human cell
culture.When tested inmultiple cell lines, RNAi-mediated knock-
down of WAC (transient siWAC and stable WAC()) results in
significantly higher levels of basal autophagy. For HEK293T,
HeLa, and neuronal SH-SY5Y cells cultured in rich medium, inhi-
bition of lysosomal degradation by lysosomal protease inhibitors
results in higher levels of LC3-II accumulation, indicating
increased LC3-II synthesis in these WAC knockdown cells (Fig-
ures 5A and S5A). Similarly, in HEK293T cells, WAC depletion
leads to increased fragmentation of the GST-BHMT reporter
(Figures 5B and S5B), an endpoint cargo-based assay for auto-
phagy (Dennis andMercer, 2009; Furuya et al., 2001; Ueno et al.,
1999). This increase in autophagy is dependent on autophagy in-
duction, as inclusion of 3-methyladenine (3-MA), an inhibitor of
class III phosphatidylinositol 3-kinase, VPS34, or knockdown
of ATG7 (Feng et al., 2014), blocks the WAC knockdown-
induced fragmentation of GST-BHMT (Figures 5B and S5B).
Hence, the data in human cells are consistent with the data in
Drosophila. Indeed, ubiquitous expression of the human WAC
cDNA rescues lethality of wackyA (data not shown), confirming
the functional conservation of WAC proteins between fly and
human.
To determine whether the physical interactions between
Wacky and mTOR pathway components identified through AP-
MS in Drosophila are conserved, we performed co-immunopre-
cipitation (coIP) experiments in HEK293T cells. Under basal con-
ditions, we were unable to coIP mTOR and Raptor and the other
mTOR pathway components using WAC antibody unless a
crosslinking reagent, dithiobis(succinimidyl propionate) (DSP)
(Smith et al., 2011; Zlatic et al., 2010), was included, indicating
weak and/or transient physical association of WAC with these
proteins (Figure S5C). WAC did not interact with a negative con-
trol, b-Catenin, a widely distributed protein. Furthermore, the
mTOR pathway components were not detected in WAC pull-
down from WAC() cells, supporting our conclusion that these
interactions are specific to WAC.
Since assembly of the larger TTT-Pontin/Reptin complex and
its association withmTOR are energy dependent, and their phys-
ical interactions are more easily detectable following energetic
stimulation (i.e., energy depletion followed by energy repletion)
(Kim et al., 2013b), we repeated the experiments in energy reple-
tion conditions. In this assay, cells are first starved of, then fed
with glucose and glutamine prior to harvesting. Under this condi-
tion, without DSP, robust interactions between endogenous
WAC and mTOR, Raptor, Pontin, Reptin, and TTI1, as well as
transfected FLAG-tagged TEL2, are observed. These data pro-144 Developmental Cell 36, 139–151, January 25, 2016 ª2016 Elsevivide compelling evidence that the physical interactions of WAC
with mTORC1 and the TTT-Pontin/Reptin complex are
conserved and potentially regulated by cellular energy status
(Figure 5C).
To assess the significance of the physical interactions, we
examined the effect of WAC depletion on mTOR activity under
energy-repletion conditions. Consistent with previous reports
(Kim et al., 2013b), energy starvation results in mTOR inactiva-
tion, revealed by reduced levels of S6K and AKT phosphorylation
(Figure 5D), and strong induction of autophagy, measured by
increased LC3 lipidation (LC3-II) and reduced p62 (Figures 5E,
5F, S5D, and S5E). In contrast, energy-stimulated activation of
mTOR is associated with increased levels of S6K and AKT phos-
phorylation (Figure 5D) and diminished levels of LC3-II as well as
higher levels of p62 (Figures 5E, 5F, S5D, and S5E). However,
depletion of WAC largely abolishes all of these mTOR-associ-
ated effects. Our observation that inclusion of the lysosomal in-
hibitor, bafilomycin A1, similarly increases p62 and LC3-II levels
in both controls and WAC() cells implies that loss of WAC does
not affect autophagy flux and that the observed effect of loss of
WAC on p62 and LC3-II is primarily due to increased autophagic
activity (Figures 5E, 5F, S5D, and S5E). Together, these findings
demonstrate an important role of WAC in energy-induced mTOR
activation.
WAC Regulates mTORC1 Activity by Promoting the
Assembly of the TTT-Pontin/Reptin Complex
Our findings that WAC physically interacts with both mTORC1
and the TTT-Pontin/Reptin complex and is required for energy-
dependent activation of mTORC1 (Figures 5 and S5), a process
controlled by the TTT-Pontin/Reptin complex, implicate a func-
tional link between WAC and this regulatory complex. To probe
the underlying mechanism, we examined the role of WAC in the
regulation of mTORC1 by the TTT-Pontin/Reptin complex.
Consistent with previous observations (Kim et al., 2013b), energy
stimulation promotes the association of mTORC1 with TTT and
Pontin/Reptin (Figures 6A and 6B). Depletion of WAC, however,
does not obviously disrupt mTORC1 interaction with TTT (Fig-
ure 6A) or with Pontin/Reptin (Figure 6B). Energy stimulation
also leads to higher affinity among components of TTT (Fig-
ure 6C), an increased interaction between Pontin and Reptin
(Figure 6D), and the assembly of the TTT-Pontin/Reptin complex
(Figures 6E, 6F, and S6A). Interestingly, while loss of WAC does
not affect the energy-dependent association among compo-
nents of TTT or the interaction between Pontin and Reptin (Fig-
ures 6C and 6D), it markedly reduces the interaction between
TTT and Pontin/Reptin (Figures 6E, 6F, and S6A–S6C). Further
analysis suggests that TTT and Pontin/Reptin can each bind to
mTOR separately, and WAC acts to promote their assembly
into the larger TTT-Pontin/Reptin complex. In a sequential coIP
experiment, eluate from the initial pulldown with Myc-tagged
mTOR was subjected to secondary coIP with Pontin antibody,
and while both TEL2 and mTOR are detected in the final pull-
down with anti-Pontin in control cells, only mTOR is detected
in WAC() cells (Figure 6G). These findings suggest that WAC
regulates mTORC1 dimerization and mTORC1-Rag interaction,
two interactions mediated by the TTT-Pontin/Reptin chaperone
complex. To test this, we performed coIP experiments with
hemagglutinin (HA)- and MYC-tagged Raptor to examine theer Inc.
Figure 5. Human WAC Regulates mTOR Activity and Autophagy and Interacts with mTORC1 and the TTT-Pontin/Reptin Complex
(A) Basal autophagy is assayed in HEK293T cells by examining LC3-II levels in the absence or presence of lysosomal protease inhibitors (PI). WAC knockdown
increases LC3-II levels, indicating an increase in basal autophagy. DLC3-II is calculated as the difference between LC3-II levels at 4 hr and 2 hr after PI treatment.
Error bars denote SEM (n = 3). *p < 0.05.
(B) Basal autophagy is assayed in HEK293T cells bymonitoring the autophagy-dependent fragmentation of the GST-BHMT reporter. WAC knockdown increases
the level of fragmented GST-BHMT (GST-BHMT fragment), indicating an increase in basal autophagy, and treatment with 3-MA suppresses this increased basal
autophagy.
(C) Immunoprecipitation with WAC antibody under glucose/glutamine (or energy) depletion followed by repletion (/+) conditions shows WAC interaction with
endogenous mTOR, Raptor, Pontin, Reptin, and TTI1, and with transfected FLAG-TEL2. Immunoprecipitation with WAC() cells and probing for b-Catenin serve
as negative controls. WCE, whole-cell extract.
(D–F) Glucose/glutamine depletion () followed by repletion (/+) induces (D) an increase in mTOR-dependent phosphorylation of S6K and AKT and
(E) accumulation of p62, as well as (F) a decrease in the level of LC3-II. All these energy-dependent responses are inhibited by WAC knockdown. Actin is the
loading control for (D) and (E), and the non-specific band above WAC, likely corresponding to a protein unrelated to WAC as it showed up in almost all the
WAC- knockdown cells, is the loading control for (F).
See also Figure S5.
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Figure 6. WAC Promotes the Assembly of the
TTT-Pontin/Reptin Complex
CoIP assays for HEK293T cells treated with
glucose/glutamine depletion () followed by
glucose/glutamine repletion (/+).
(A and B) Glucose/glutamine repletion enhances
both the interaction (A) between FLAG-TEL2 and
mTORC1 components, mTOR and Raptor, as
shown by coIP with anti-FLAG antibody, and (B) the
interaction between Reptin and mTORC1 compo-
nents, mTOR and Raptor, as shown by coIP with
anti-Reptin. Both interactions are not affected by
WAC knockdown.
(C and D) Glucose/glutamine repletion enhances (C)
the assembly of the TTT complex, as shown by coIP
with anti-FLAG antibody against FLAG-TEL2 and
TTI1, as well as (D) the Pontin/Reptin interaction, as
shown by coIP with anti-Reptin. Both interactions
are not affected by WAC knockdown.
(E and F) Glucose/glutamine repletion enhances the
binding between the TTT and Pontin/Reptin com-
plexes, as shown by coIP (E) with anti-FLAG-TEL2
or (F) with anti-endogenous Reptin. This interaction
is reduced upon WAC knockdown.
(G) Sequential immunoprecipitation shows that TTT
and Pontin/Reptin can bind separately to mTOR
prior to interaction with WAC. The first immunopre-
cipitation with anti-Myc shows that mTOR binds
both Pontin and TEL2. The second immunoprecipi-
tation with anti-Pontin (using eluate from the first
immunoprecipitation) shows that, in WAC() cells,
Pontin is able to bind mTOR, but not TEL2.
See also Figure S6.dimerization status of mTORC1, and also with HA-tagged RagB
and endogenous Raptor and mTOR to examine the association
of Rag with mTORC1. Indeed, compared with control siRNA-
treated cells, depletion of WAC significantly compromised the
interaction between HA- and MYC-tagged Raptor (Figures 7A
and S7A), and decreased the association of RagB with mTOR
and Raptor (Figures 7B and S7B).
Taken together, these data show that WAC is necessary for
the interaction between TTT and Pontin/Reptin, promoting
mTORC1 activation and suppressing basal autophagy
(Figure 7C).
DISCUSSION
WAC Is a Conserved Regulator of mTOR Activity
Regulation of metabolic activity in response to growth factors,
nutrient availability, and energy levels is coordinated by
mTORC1 through intricate mechanisms (Dibble and Manning,
2013; Kim et al., 2013a). Proper sensing of and response to
changes in the environment of an organism are crucial in this
delicate metabolic balance.
From a forward genetic screen to identify players in
neuronal development, function, or maintenance in Drosophila,146 Developmental Cell 36, 139–151, January 25, 2016 ª2016 Elsevier Inc.we identified Wacky, the Drosophila ho-
molog of WAC. Loss of Wacky leads to
animal lethality, aberrant development,
neurodegeneration, and defective mTORsignaling. The latter results in developmental arrest, decreased
cell size, increased basal autophagy, and diminished phos-
phorylation of mTOR targets (4E-BP, S6k, and Akt). The
requirement of WAC in mTOR regulation is conserved in
mammalian cells, as loss of WAC leads to elevated basal
autophagy and compromised mTOR activity in response to
energy stimulation. Hence, WAC is a conserved positive regu-
lator of mTOR.
WAC Modulates the Assembly of the TTT-Pontin/Reptin
Complex
mTOR activity is regulated through different mechanisms in
response to specific stimuli (Figure S1A). The TTT and Pontin/
Reptin complexes control energy-dependent activation of
mTORC1 by chaperoning mTORC1 dimerization and facilitating
Rag-mediated lysosomal localization (Kim et al., 2013b). The
dimerization of mTORC1 is an important, permissive step prior
to the engagement of Rheb and Rag. Genetic analysis of wacky
mutants supports its functional interaction with dTOR in a requi-
site step prior to Rheb- and Rag-mediated activation, as
overexpression of dTOR but not active Rheb or Rag partially
suppresses increased autophagy in wacky mutant clones. The
physical interaction of Wacky with both dTOR and the
Figure 7. WAC Regulates mTORC1 Activity by
Stabilizing the TTT-Pontin/Reptin Complex
(A) Glucose/glutamine repletion enhances mTORC1
dimerization, as shown by coIP between HA-Raptor
and Myc-Raptor. This dimerization is reduced upon
WAC knockdown.
(B) Glucose/glutamine repletion enhances Rag inter-
action with mTORC1 components, mTOR and
Raptor, as shown by coIP against HA-RagB. This
interaction is reduced upon WAC knockdown.
(C) WAC is an adaptor for the TTT and Pontin/Reptin
complexes and facilitates their interaction, which is
required for the energy-dependent increase in
mTORC1 dimerization and mTORC1-Rag interaction.
See also Figure S7.Pontin/Reptin complex is consistent with the genetic data. In
mammalian cells, WAC binds to mTOR and both Pontin/Reptin
and TTT in an energy-dependent manner. In the absence of
WAC, although both Pontin/Reptin and TTT form normally, the
association between the two complexes is compromised. As
a consequence, both mTORC1 dimerization and its interaction
with Rag are affected, leading to diminished mTOR activity in
WAC-depleted cells. However, overexpression of mTOR did
not restore diminished mTORC1 activity in WAC-depleted
HEK293T cells in response to energy stimulation (data not
shown). The inability to partially suppress the phenotype in
HEK293T cells is most likely a reflection of evaluating mTOR
activity in two very different experimental contexts: a chronic
dTOR overexpression over many days in developing animals
versus an assessment upon a 30-minute energy stimulation
treatment in cultured WAC knockdown cells. The TTT-Pontin/
Reptin complex is known to regulate the maturation and stabil-
ity of several PIKK family proteins, including mTOR, ATM, ATR,
and DNA-PKcs (Kim et al., 2013b). Consistent with a role for
WAC in the assembly of the TTT-Pontin/Reptin complex,
WAC knockdown in HEK293T cells leads to decreased levels
of PIKK proteins (Figure S7C). Hence, WAC regulates mTORDevelopmental Cell 36, 139–1by functioning as an adaptor to facilitate
the assembly of the TTT-Pontin/Reptin
complex in response to energy stimulation.
Little is known about how the assembly of
the active TTT-Pontin/Reptin complex is
regulated. Our study points to a role of
WAC in this regulatory process. TTT and
Pontin/Reptin have previously been isolated
independently, but have also been observed
in a single complex (Glatter et al., 2011;
Horejsı´ et al., 2010; Hurov et al., 2010; Izumi
et al., 2010; Kaizuka et al., 2010; Kim et al.,
2013b; Nano and Houry, 2013; Takai et al.,
2007, 2010). The association between TTT
and Pontin/Reptin has been shown to be
mediated by the phospho-dependent inter-
action between the casein kinase 2 (CK2)-
phosphorylated TEL2 in the TTT complex
and the PIH1D1 scaffold protein in the
R2TP complex, which contains Pontin and
Reptin (Horejsı´ et al., 2010). The stability ofTTT and the larger TTT-Pontin/Reptin complex is energy depen-
dent. Energetic stress, through glucose/glutamine deprivation,
leads to the disassembly of the TTT-Reptin/Pontin complex
and reduced association between TEL2 and TTI1 (Kim et al.,
2013b). WAC depletion does not affect the formation of the indi-
vidual TTT and Pontin/Reptin complexes nor their interaction
withmTORC1, but rather interferes with the association between
the two complexes (Figure 6). This implies a role of WAC as an
adaptor that recognizes the TTT and Pontin/Reptin complexes
and stabilizes their interaction under energy-rich conditions. It
remains to be determined how WAC regulates the assembly of
the TTT-Pontin/Reptin complex. Does WAC interact directly
with the TTT and Pontin/Reptin complexes, or indirectly through
other intermediates such as mTORC1 components? Finally, are
these interactions modulated through post-translational modifi-
cations in response to energy stimuli, given that WAC exists
mainly in a tyrosine phosphorylated form (Xu and Arnaout,
2002)? Since the phenotypes of wacky mutants are weaker
than dTOR mutants and can be partially suppressed by dTOR
overexpression, it is likely that WAC plays a modulatory role to
promote mTORC1 dimerization through the TTT-Pontin/Reptin
complex.51, January 25, 2016 ª2016 Elsevier Inc. 147
WAC Is a Versatile Adaptor Involved in Multiple Cellular
Processes
Our finding that WAC regulates mTOR signaling by bringing TTT
and Pontin/Reptin together further supports the role of WAC as a
versatile adaptor in multiple cellular processes. WAC was origi-
nally identified as a WW domain-containing adaptor with a
coiled-coil region (hence the name) that co-localizes with pre-
mRNA splicing machinery (Xu and Arnaout, 2002). It stabilizes
the E3 ligase RNF20/40 complex and mediates its interaction
with RNApolymerase II, regulating transcription-coupled histone
H2B ubiquitination (Zhang and Yu, 2011). WAC binds to
VCIP135, mediating its association with the Golgi, and activating
its deubiquitinating function to regulate Golgi biogenesis (Totsu-
kawa et al., 2011).WAC also interacts with Beclin1 andUBQLN4,
two proteins involved in autophagy regulation (Behrends et al.,
2010; Lim et al., 2006; McKnight et al., 2012; N’Diaye et al.,
2009). The endogenous interactors of WAC that we uncovered,
including mTOR, Raptor, Rictor, Pontin, Reptin, TEL2, TTI1,
and TTI2, all contain WW domain-binding motifs (as predicted
from Salah et al., 2012), suggesting that these motifs are part
of the structural basis of WAC-mediated regulation of the TTT-
Pontin/Reptin and mTOR complexes.
WAC’s expanding list of binding partners might also explain its
apparently opposite effects on autophagy regulation under
different conditions. In our study, loss of Wacky/WAC results in
increased basal autophagy in both flies (Figures 1C, S1C, 3A,
and 3B) and human cells (Figures 5A, 5B, S5A, and S5B). WAC
depletion also compromised autophagy inhibition induced by
energy stimulation (Figures 5E, 5F, S5D, and S5E). Hence,
WAC acts as a positive regulator of mTOR and, indirectly, as a
negative regulator of autophagy. In addition, WAC was isolated
in an siRNA screen as a positive regulator of starvation-induced
autophagy (McKnight et al., 2012). The latter is not inconsistent
with our data as we observe a decrease in starvation-induced
autophagy in wacky mutant clones in the fat body (Figure S3A)
and WAC-depleted mammalian cells under starvation (data not
shown). This differential regulation of autophagy might be
achieved throughWAC’s diverse binding partners. Its interaction
with Beclin1 (Behrends et al., 2010;McKnight et al., 2012), a core
component of the VPS34 complex whose activity is essential for
autophagosome biogenesis (Russell et al., 2014; Wirth et al.,
2013), may likely be important for this condition, especially since
starvation robustly activates Beclin1 (Wei et al., 2008). Although
further studies are needed to elucidate the diverse cellular activ-
ities of WAC, existing data support that through its ability to
interact with different proteins, WAC acts as a versatile adaptor
in multiple cellular processes under various cellular contexts.
WAC in Neurodevelopmental Disorders
The data presented here show that WAC plays an important role
in energy-mediated dimerization of mTORC1 through the TTT-
Pontin/Reptin complex, and that loss of wacky in Drosophila
causes progressive neurodegeneration. Dysregulation of
mTOR signaling has been implicated in autism and neurodegen-
erative disorders (Gkogkas et al., 2013; Lipton and Sahin, 2014;
Tang et al., 2014), and missense mutations in the TTT complex
component, TTI2, have been shown to cause intellectual
disability (Langoue¨t et al., 2013; Najmabadi et al., 2011). Interest-
ingly, a cohort of patients was recently identified with de novo148 Developmental Cell 36, 139–151, January 25, 2016 ª2016 Elseviheterozygous loss-of-function mutations in WAC, exhibiting a
syndrome characterized by developmental delay/intellectual
disability, dysmorphic features, and hypotonia (DeSanto et al.,
2015). Given the similar clinical manifestations that stem from
loss of WAC and loss of TTI2, our findings linking WAC to
mTOR signaling via the TTT-Pontin/Reptin complex may
provide a potential mTOR-mediated basis for WAC-associated
diseases.
EXPERIMENTAL PROCEDURES
Fly strains and clonal analysis, TEM, molecular cloning, generation of trans-
genic flies, immunostaining and imaging, AP-MS, western blotting for
Drosophila proteins, cell culture and transfection, RNAi, and coIP and western
blotting for human proteins are described in Supplemental Experimental
Procedures.
Electroretinogram Assay
ERGs were performed as previously described (Verstreken et al., 2003). Adult
flies were glued to a glass slide, a recording probe was placed on the eye sur-
face, and a reference probe was inserted into the thorax. One-second light
flashes were delivered using a halogen lamp, and the response was recorded
and analyzed using WinWCP software.
GST-BHMT Assay
GST-BHMT assay was performed as described previously (Dennis and
Mercer, 2009; Mercer et al., 2008; Rui et al., 2015). In brief, HEK293T cells
transfected with pRK5-GST-BHMT and siRNAs against WAC were treated
with 10 mM 3-MA (Sigma) or ATG7 siRNA, together with 11 mM leupeptin
and 6 mM E-64d for 6 hr prior to immunoprecipitation. Whole-cell lysate was
centrifuged for 13,200 rpm at 4C for 30 min and the supernatant was incu-
bated with glutathione agarose for 3 hr. Immunoprecipitated GST fusion pro-
teins were analyzed by western blotting. GST antibody was used to detect
both GST-BHMT and GST-BHMT-FRAG. GFP-Myc expression, driven by in-
ternal ribosomal binding sites in the pRK5-GST-BHMT plasmid, was detected
by Myc antibody and served as normalization control, as reported in Mercer
et al. (2008).
In Vivo Crosslinking Assays
HEK293T cells transfected as indicated were washed once with cold PBS, and
incubated with 2 mM DSP (Life Technologies) freshly prepared in PBS for 2 hr
on ice. Unreacted DSP was quenched by adding 1 M Tris (pH 7.5) to a final
concentration of 20 mM for 15 min. Crosslinked cells were then washed with
cold PBS and lysed with 0.3% CHAPS lysis buffer as indicated in previous
coIP experiments. Anti-HA (Roche), anti-Myc (Santa Cruz), or anti-WAC (Milli-
pore) was incubated with protein A/G-agarose and pre-cleared cell lysates for
3 hr at 4C. Co-immunoprecipitated proteins were uncrosslinked by adding
DTT in sample buffer prior to western blotting analysis.
LC3 Lipidation Assay
Cells were harvested in 2%Triton X-100/PBS buffer containing protease inhib-
itors for maximum LC3-II extraction according to previous studies (Kimura
et al., 2009). LC3-II and loading control, actin, were detected by rabbit anti-
LC3 antibody (MBL International) and mouse anti-actin antibody (Chemicon),
respectively. The level of LC3 lipidation was quantified as the ratio of the
measured LC3-II to actin levels. LC3-II synthesis (DLC3-II) was calculated as
the difference between LC3-II levels at 2 hr and 4 hr after lysosomal inhibitor
treatment.
Two-Step Co-immunoprecipitation
Two-step coIP was performed according to procedures described in Rui et al.
(2004). In brief, six 60-mm dishes of HEK293T cells were transfected with
FLAG-TEL2 alone or together with Myc-mTOR as indicated. At 36 hr after
transfection, cells were lysed with CHAPS lysis buffer, sonicated briefly, and
centrifuged. The supernatant was incubated with Myc antibody bound to Pro-
tein A/G-agarose beads for 2 hr at 4C. Beads were washed with the lysiser Inc.
buffer, and the Myc-mTOR protein complex was eluted with 300 ml of lysis
buffer containing 250 mg/ml Myc peptide (Sigma) for 2 hr at 4C. The second
immunoprecipitation was performed using 150 ml of eluate from the first immu-
noprecipitation and 350 ml of the lysis buffer containing 10 ml of -Pontin anti-
body followed by addition of Protein A/G-agarose beads.
Statistical Analysis
Two-tailed Student’s t tests were used to analyze the data.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and one table and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2015.12.019.
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